INTRODUCTION
Ionization potentials are important physical properties of atoms. They aid· in identifying systematic trends in binding energies from element to element and are useful in the interpretation of atomic spectra. Accurate values are required to determine the extent of ionization.of high temperature gas mixtures containing the atoms.
The most accurate atomic ionization limits are determined from the measurement of long Rydberg series .. Another technique used for obtaining ionization limits, although less accurate, is the determination of the ionization threshold. In the lanthanides, with the exception of the few with simple spectra, obtaining these measurements by conventional methods is difficult, if not impossible. Thus, accurate ionization limits are not available for the majority of the lanthanides,1
The difficulty in observing Rydberg series in most lanthanides arises from the extreme complexity of their electronic structure. The spectra of these elements are very dense and are characterized by weak absorptions, especially into Rydberg levels with large principal quantum numbers. The presence of a number of thermally populated low-lying levels in most of the atoms of these elements together with the great density of potentially perturbing valence levels at high energy so complicates most of the single photon absorption spectra that Rydberg series cannot be identified. Indeed, the only lanthanides where Rydberg series have been observed by conventional spectroscopy2-5 have relatively simple spectra and very few low-lying energy levels. 6 The elements lanthanum,2 europium,3 thulium,4ytterbium,5 and lutetium 5 all have only one or two well-isolated low levels that are thermally populated at the temperatures needed to produce an atomic vapor and have only a few well-separated ion levels to serve as Rydberg convergence limits: For the remaining elements with complex spectra, more sensitive and flexible methods are required for the observati~n of well-developed Rydberg series.
The same arguments apply to the study of ionization thresholds. While some success has been possible for the elements with simpler electronic structure (ytterbium, europium, and thulium), 7, 8 for the remainder of the lanthanides it is nearly an impossible task to unravel the spectra .originating from the many populated metastable levels to accurately determine the ionization limit with confidence. 9 Recently, stepwise laser photoexcitation and ionization h~s been used in our laboratory to identify Rydberg series in atomic uranium.1° The methods offer a number of advantages over conventional techniques. They allow the highlying levels connected by optical transitions to the ground level or to any of the low-lying thermally populated metastable levels to be selectively excited. The excitation may take place in a single step or in two steps to reach the desired level. Spectra obtained from these laser prepared excited levels are not subject to the ambiquities associated with conventional absorption and ionization spectra. One clearly avoids the difficulty of sorting out which of the thermally populated low~lying levels is associated with a specific feature of the spectrum. The methods are sensitive because of the spectral intensity' of la$ers and the use of ion detection. When required, time delaying the ionization step can be used as a discriminant to preferentially detect the long-lived Rydberg levels. These methods-llre similar to those used by Dunning and Stebbings.1 1
We have applied these multistep photionization methods to obtain Rydberg series and photoionization thresholds in the lanthanides. This has permitted us to obtain accurate ionization limits for ten lanthanides. When these results are combined with the available literature values,1-5 accurate experimental ionization potentials become available for all the lanthanides exc~pt promethium. These ionization limits, when normalized to correspond to the energy between the lowest level of ' the fNS2 configuration of the neutral and the lowesflevel of the fNs configuration of the ion, and when plotted against N, display a connected two-straight-line behavior with a slope change at the half-filled shell. Theory predicts such a behavior for lowest level to lowest level ionization potential for INs 2 -+ INS configurations.
EXPERIMENTAL
. The experimental apparatus used is shown schematically in Fig. 1 atomic beam are irradiated and eventually ionized by the output of either two or three commercial nitrogen (Molectron UV -400) laser-pumped tunable dye lasers (Molectron DL-200). The oven consists of a resistively heated tungsten tube containing a tungsten crucible holding the metal to be vaporized. The oven is usually operated at a temperature sufficient to give an atomic vapor pressure of roughly 10-3 Torr. The vapor effuses through a slit into an interaction chamber where, at an atom density of approximately 10 9 to 1011 -atoms/cm 3 , it is irradiated by the dye laser pulses. The chamber is electrically biased to suppress thermal and surface ions and to efficiently collect and direct photoion products into the detection system. The detector is a channeltron particle multiplier at -2900 V contained in an Extranuclear Model No. 324-9 quadrupole mass analyzer. The quadrupole is tuned to the mass of the atom under study and thus serves to discriminate against detection of oxide or other impurities. The vacuum chamber background pressure is typically 10-7 Torr ..
The interaction chamber-quadrupol~ setup can be replaced by a field ionization chamber and channeltron ion detector. The field ionization chamber consists of a gold-plated copper . capacitor anode plate separated· by 1 cm from a 50 mesh· stainless steel grid maintained at ground potential. A channeltron is located behind the grid to detect the ions produced by the pulsed electric field. The field a~ts to both produce and deflect the ions into the negatively biased channeltron. The pulsed electric field could be varied from 0 to 5 kV and had a rise time of less than 50 ns with a pul~e width variable between 0.1 and 100 ~s. The pulse could be delayed with respect to the final laser by 0-10 ~s. Since there was no mass filtering when the field-ionization apparatus was employed, any oxide contamination is a potential source of background photo ion signal. In these cases the metallic sample was baked in vacuum for several hours to drive off the higher vapor pressure oxides.
The nitrogen pump lasers are triggered by a common master control unit. so that each laser fires at predetermined and well-controlled times with respect to the others. The desired time delay and sequencing between the outputsofthe N21a- The dye lasers provided 5-10 ns pulses having 0.5-2.0 cm-1 spectrallinewidths. The master control unit also gated the boxcar (Princeton Applied Research Model No. 1(2) that integrated the signal received from the particle multiplier. The first and/or second dye lasers were tuned to the specific wavelength(s) to populate the desired level(s). The final laser in the excitation sequence (either the second or third laser) was then continuously scanned to obtain the Rydberg or auto ionization spectrum. In all cases, the spectrum was obtained by monitoring the ionization yield as a function of the scanning laser wavelength. This spectrum and wavelength calibrations were recorded simultaneously on a two pen recorder. Wavelength calibration was obtained by directing a portion of the scan laser radiation to a 1.5 m Jobin-Yvon monochromator that was preset at known U or Th emission lines from an electrode less lamp.
The excitation schemes employed to obtain photoionization :;: and Rydberg spectra are indicated in Fig. 2 . A time delay of 10-20 ns was introduced between laser outputs to provide an unambiguous excitation sequence. The primary excitation (AI) was always a known transition from the ground or lowlying thermally populated level. (In our notation Ai is the wavelength of the ith laser in the excitation sequence.) In the three-step experiments A2 was usually a known transition, but occasionally it was necessary to use a transition obtained by laser spectroscopy techniques where Al was fixed, A2 was scanned, and A3 was fixed at a wavelength such that the energy of Al + A2 + A3 exceeded the ionization potential'of the element. Ion current was obtained when A2 coincided with an allowed transition from the level populated by AI. A more detailed description of this method has been given previously.12 Such searches were performed whenever there were not a sufficient number of known levels in the 3-4 e V range to obtain Rydberg or photo ionization threshold spectra.
Background peaks could occur in all spectra obtained. For two laser excitations and depending on the wavelengths of Xl and A2, 2A2 peaks from the ground or thermally populated levels or 3A2 peaks could be present. When using 3 lasers, Al + 2A3 or 3A3 peaks could occur. Background scans were 54 J. Opt. Soc. Am., Vol. 68, No.1, January 1978 -, performed by blocking Al and/or A2 and repeating the A2 or A3 scan to determine those peaks that were not due to the desired Al + A2 or Al + A2 + A3 sequence in each case.
The usual procedure was to first identify the photoionization threshold from one or more excited levels of the atom under study using the two-step method (Fig. 2a) . This involved scanning a' considerable range estimated from the available literature values 1 ,13,14 that had quoted uncertainties as large as ±800 cm-1 . The most recent compilation of values based on spectroscopic datal had quoted uncertainties of about ±200 cm-1 and in most cases the thresholds were found within the ranges estimated from these values. Thresholds ,were also observed using the three-step method (Fig. 2b ) to confirm and improve some of the two-step results. Once the photoionization threshold limit was obtained to an accuracy of about 30 cm-1 for an element, wavelength ranges to search for bound Rydberg series with field or collisional ionization or to search for autoionizing series converging to excited states of the ion were estimated for various parent levels that could be conveniently populated by one-or two-step excitation. Scans were made from various parent levels until series were 'obtained. The success rate for such scans varied from element to element, but overall approximately one-third of the scans were successful.
As indicated in Fig. 2 , several methods of ionization were employed to observe series. In most cases (Nd, Sm, Eu, Dy, Ho, and Er) autoionizing Rydberg series converging to an excited state of the ion were obtained. For lanthanides where the autoionizing Rydberg series are obscured by the high density of autoionizing valence stat~s, field ionization was used. This was the case for cerium, gadolinium, and terbium. The field was applied 2-5 p,s after the populating·laser A2 or A3' This time resolution allowed radiative decay of some of the shorter-lived valence levels and facilitiated preferential detection of longer-lived Rydberg levels. Collisional ionization was used to observe a series in holmium. ' In this case, the oven temperature was increased until the atom density was such that the bound Rydberg levels were ionized and a long series was obtained. 
RESULTS
A. Photoioniza~ion threshold spectra Neodymium photoionization spectra from two different parent levels are shown iii Fig. 3 . The excitation sequences are shown on the figure. The thresholds are marked by the onset of very strong auto ionizing transitions. In addition, weak background due to continuum ionization is present.
Scan (a) shows very few ionization peaks ofthe typ.e Al + 2A2 before the onset of Al + A2 ionization so that the threshold is very easily recognized. In scan (b) a number of A + 2A2 peaks precede the threshold but the strength of the autoionizing peaks and continuous absorption make identification of the threshold easy. For Ce, Pr, and Ho, the presence of background peaks made identification somewhat more difficult. The spectrum for europium shown in Fig. 4 exhibits very few auto ionization peaks and the threshold is identified by the weak continuous photoionization background. This is in contrast to the neodymium spectra (Fig. 3) where the density of wellcdefined autoionization peaks approaches the instrumental resolution. The density of autoionizing transitions of each element was f(jund to follow roughly the complexity of the level structure as revealed by the analysis of the emission spectra. 6 Except for europium, the lanthanides we investigated exhibit autoionization spectra near the threshold similar to neodymium.
The photoionization threshold results are given in Tables  I and II for tively. The excitation wavelengths in column two of Table  I correspond to transitions from the ground or a thermally populated metastable level to the excited levels in column three. . In Table II the two wavelengths necessary to access _ the excited level used are given in the ~olumns headed "Excitation wavelengths." The last three columns in the tables giv'e the observed wavelength in angstroms of the scanned laser at the onset of photoionization and the corresponding value of the' ionization threshold from the ground state of the element in wave numbers and in eV.
For each element, more than one excitation sequence was used to observe the threshold. The single uncertainties quoted in Tables I and II for each of the measurements of the ionization thresholds for a given element were set so that there was overlap of the values within that uncertainty. They are not indicative of the precision of determination of individual threshold values which was about 5-10 cm-1 depending on the element and the transition sequence. The variation in threshold values obtained from different parent levels of the same element results from differences in the photoionization structure near the threshold. Even with the larger uncertainties adopted, the threshold limits were 10 times more accurate than the values available in the literature.! Their determinations reduced the search ranges for Rydberg levels to reasonable values. Because the Rydberg convergence limits are much more accurate, the uncertainties in the threshold values are not consequential, with the exception of praseodymium where Rydberg series were not obtained. The uncertainty established for the threshold limit of praesodymium is -20 to + 100 cm-1 as explained in the Discussion section.
B. Rydberg series spectra
Typical Rydberg spectra obtained for Eu, Dy, Ho, and Ce are shown in Figs. 5-8. The excitation sequences used in each case are included on the figures. The europium and dysprosium spectra are both autoionizing Rydberg series converging to the first excited state of the ion. The europium series shows about 27 members before the spacing between There is no reason to believe LSor any particular coupling scheme should be appropriate for these excited levels in the lanthanides. Regardless ofthe coupling scheme, all the series members observed here for the lanthanides are complex terms that consist of many channels that are unresolved at high n values with the laser widths used (~1 cm-I ).
The dysprosium Rydberg spectrum is a double series converging to the 4/ 1O Bs 4[ I5/2limit 828.31 cm-I above the ground level of the ion. The dysprosium spectrum is also relatively free from perturbing and obscuring autoionizing levels. Well-developed autoionizing Rydberg series were also obtained for Nd, Sm, and Er. However, some of these spectra showed more obscuring and perturbing autoionizing levels. Nevertheless, all the spectra obtained had clearly discernible autoionizing Rydberg series with 10-25 observed members.
The collisionally ionized Rydberg series obtained for holmium is shown in Fig:7 . This is a bound series converging to the 4/ 11 Bs 5[g ground state of the ion. The two broad intense features in the spectrum before the limit is reached deserve ,comment. Similar features were observed in the europium' absorption spectrum by Smith and Tomkins 3 who attr'ibuted the features to buildup of intensity due to closely spaced Rydberg terms. The same explanation cannot be offered for our observations because the density of observed Rydberg levels at the long wavelength feature is not sufficient to account for the very rapid increase in intensity. Certainly a possible explanation for the double-peaked envelope is a rapid variation of the collisional ionization cross section with n. However, the most plausible explanation is that the intensity variations are due to the presence of other levels interacting with the Rydberg levels to produce intensity perturbations. Further investigation of these features appears necessary for a full understanding of the observation.
The cerium Rydberg series shown in Fig. 8 
C. Rydberg convergence limits
The variation in quantum defect (n -n *) vs n with change in assumed limit value for cerium is shown in Fig. 9 . The value of n is not necessarily the principal quantum number but is an integer chosen close to n * in order to evaluate the variation in quantum defect. The effective quantum number n * is obtained from n * = lR/[assumed limit -level valueJl1/2, Th 5712.0 Th r 5707.1 Th 5700.9 Th 5696,4 .. (n-li*) vs n with change in assumed limit for the cerium Rydberg series shown in Fig. 8 (n and n* are defined in the text). The assumed limit giving the most constant (n-n*) value is (44671 cm-1 ) and it is taken as the ionization limit.
where R is the Rydberg constant. Our criterion for choosing the ionization limit of the element is to select the assumed limit that gives the smoothest and most constant value of the quantum defect as a function of n for the high quantum number Rydberg levels. 2 .1 0 Figure 10 shows the same type plot for one of the double series in the dysprosium spectrum shown in Fig. 6 .
We realize that our series are subject to perturbation by members of other Rydberg series and by certain valence levels. (n-n*) vs n with change in assumed limit for one of the dysprosium double series shown in Fig. 6 (n and n* are defined in the text). The assumed limit 48730 cm-1 gives the most constant (n-n*) value and when corrected by 828.31 cm-1 yields the ionization limitfor dysprosium .
These can cause variations in the quantum defect from level to level. For the high principal quantum number levels involved here, such deviations are unlikely to cause errors larger ·than a few wave numbers between the chosen limit and the true limit. In cases where such perturbations are evident we have adopted larger uncertainties for the ionization limit. 16
The Rydberg convergence limits derived from the observed series by this method are given in Table III . The 'excitation wavelengths and levels from which the series were observed and the ion levels that they converge to are indicated in the table. Information on ionic states was obtained from the literature for Nd.17 Sm,18 EU,19 Dy,20 HO,21 and Er.22 The fact that perturbations do not affect the measured limits by more than the quoted uncertainties is verified by the agreement of the limits determined from different parent levels (different series) of a given element. In some cases, the series are of different parity. In addition, the ionization limits obtained (cm-I ) ,
44674 (3) 44671 (3) 44562 (5) 45519 (5) 45734 (2) 45736 (2) 45734 (2) 49603 (5) 49604 (5) 47295 (5) 47294 (5) 47902 (5) 47899 (5) 48566 (8) 48567 (5) Fig. 11 (see text) . dReference 3. eReferences 4 and 5.
in holmium from series converging to different limits agree well withi~ the quoted uncertainty. The reliability of the method is also substantiated by the excellent agreement between our value of 45734 ± 2 cm-I for the ionization potential for europium and the more accurate value of 45 734.9 ± 0.2 cm-I determined by Smith and Tom.\{ins 3 using conventional high-resolution absorption spectroscopy. or peaks in all cases except europium. However, the first very strong auto ionization peak always occurs at or above the Rydberg convergence limit, see Figs. 3 and 4. In our uranium investigation lO a similar difference between the liniits was found and remains an unexplained experimental discrepancy. Stray electric fields, the effect of intense laser radiation, and collisional effects are all possible explanations. In all cases we believe that the Rydberg convergence limit values are the most precise and they are the preferred values. For praseodymium no Rydberg series were found and only the photo c ionization threshold results are available. The uncertainties for the reported values are set as -0.002 to +0.012 e V (-20, + 100 cm-I ) because the threshold values for all the lanthanides appear low with respect to the more accurate Rydberg convergence limits.
In the table, we also include an interpolated value for praseodymium as well as for promethium. We believe these are the most accurate estimates for the ionization potentials of these two elements. The interpolated values were obtained from an equation derived from a least-squares fit of the experimental ionization potentials discussed' below.
With the exception of cerium and gadolinium, the ionization process in the lanthanides is the removal of an s electron from the 4f N 6s 2 configuration with N equal to 2 through 14. That is, the ionization potential is the energy required to remove Photoionization threshold values are listed for eight lanthanides in Table IV . Values are not reported for gadolinium and terbium because these elements were measured last and we were able to interpolate values to estimate the wavelength ranges to search for Rydberg series in these elements. A comparison of our threshold and Rydberg convergence limits reveals that the threshold limits are lower by some 15:-40 cm-I (0.002 to 0~005 eV) in every case, see Tables I-IV. The Rydberg convergence limits for neodymium and europium are indicated by an arrow lableled R.L. on the photo ionization threshold spectra shown in Figs. 3 and 4 . As is the case in the neodymium scans shown, the Rydberg convergence limit generally occurs above the first apparent autoionization peak fN.Ids 2 --fN.Ids, respectively.1 5 However, these ionization ~.
59
. nected two-straight-line behavior with a change in slope at the half-filled shell (N = 7). The limits for thulium and ytterbium are Camus' values. 4 , 5 The solid line in the figure is an unweighted least-squares fit to the experimental data using a connected two-straight-line equation. The resulting numerical fit is shown at the bottom ofthis figure. The first half of the series fits to a slope of 441 cm-1 with a standard deviation of 19 cm -1 and the second half of the series to a slope of 661 cm-1 with a standard deviation of 14 cm-1 . The experimental normalized ionization values have a standard deviation of ±84 cm-1 from the solid line.
We have not included the lanthanum (N = 1) fNS2 --fNs normalized ionization limit (43932 ± 5 em-I) because the 2F5/2 lowest level of the 4f6s 2 configuration of the neutral atom at 15 196.80 cm-1 above the 5d6s 2 ground state is severely mixed with neighboring levels of other odd configurations. 6 ,28 Because the position of this level is perturbed,29 the normalized ionization limit is not expected to fall on the line defined by the other members of the series. In fact, it lies 669 cm-1 above the extrapolated value of 43263 cm-1 .
The linear dependence on N with a slope break at the half-filled shell for the [Ns2 --[Ns ionization process is not confined to the lanthanide series as we find the same behavior for the 3d and 4d series elements and for the s2[N --sl!" ionization process for the 2p and 3p series elements. The plot for the 3d or iron series is shown in Fig. 12 . Again, the connected two-straight-line behavior with a slope change at the half-filled shell is shown.
A theoretical explanation of the behavior ofthe [N s 2 --[N S and also the [Ns --I ionization potentials is given in a paper to appear shortly in this journal. 30 There it will be shown that the change in slope at the half-filled shell is equal to G1ion([,s) . The difference in slope between the two lines in Fig. 11 is 220 ± 23 cm-1 . This is in good agreement with the average experimental value of G 3 (fs) = 205 ± 6 cm-1 for the lanthan- Our treatment of the data in terms of the normalized ionization limits as a function of N is called horizontal analysis. Extensive horizontal analyses of energy differences between various configurations have been performed for the lanthan-. ides 6 ,28,32,33 and actinides 32 ,33 as well as for the p and d series elements. 3 4-36 Systematic variations have been found that allowe~ predictions of energy levels and aided in the analyses . of spectra. With the exception of Zollweg,36 systematic trends in the [Ns2 --[Ns ionization limits have not been studied. Zollweg considered the energy differences between the lowest levels of d N s 2 of the neutral and dNs of the ion but failed to recognize the connected two straight line behavior. Instead he assumed that the variation with N of the normalized ionization limit was quadratic.
CONCLUSIONS
Laser spectroscopy methods have been used to obtain ionization thresholds and to observe Rydberg series in a number of lanthanides with complex spectra. The ionization limits we determined for nine of the lanthanides have typical accuracies of 0.0006 eV·and are' 10-100 times more precise than values previously available. These values when combined with values previously determined forthe other lanthanides l -5 make accurate experimental ionization potentials available for all the lanthanides except promethium. These accurate limits led to the discovery of the connected twostraight-line behavior of the [NS2 __ [NS ionization potentials across the 4f series and then in other series (p and d) of the periodic table. This systematic variation of the ionization potential can be used to interpolate values and to aid in the analysis of spectra.
